Objectives: Repeated testing of speech perception is unavoidable in evaluating the benefits of hearing aids and auditory rehabilitation, but procedural and content learning due to repeated test administration can masquerade as a general improvement in speech perception. A previous study of the speech reception threshold (SRT) in quiet reported procedural learning that was sufficiently large to call into question the use of repeated sentence testing in evaluating the effects of auditory rehabilitation. The objective of the first experiment was to measure the effects of content and procedural learning in noise using the Hearing in Noise Test (HINT) when some sentences were repeated and others were not. The objective of the second experiment was to estimate the effects of procedural learning in a larger group of listeners using both the HINT and the Quick Speech in Noise test (QuickSIN) without sentence repetition across test sessions. The objective of the third experiment was to evaluate content learning in the HINT and the QuickSIN when sentence tests were repeated at intervals of several months.
INTRODUCTION
Measuring the benefits of audiological rehabilitation on speech perception can be complicated by extraneous factors that influence repeated measurements of speech perception ability. For example, learning either the content or the procedures of a test itself could improve performance on repeated administrations, even in the absence of an underlying general improvement in speech perception. Because virtually everyone is already familiar with listening to sentences in a variety of noise conditions, sentence tests would seem likely to provide straightforward, ecologically valid assessments of speech perception that should, in principle, show minimal procedural learning. However, Wilson et al. (2003) found large procedural learning effects with repeated sentence testing in quiet, calling into question the validity of using repeated sentence tests to evaluate audiological rehabilitation. The purpose of this study was to evaluate the stability of repeated sentence-test measures of speech perception in noise at intensities well above the threshold for speech in quiet. We chose to study speech perception in noise because it is a common listening condition encountered outside the laboratory that reveals difficulties for hearing-impaired listeners, with or without their hearing aids.
The study consists of three experiments, each of which is directed at a different aspect of repeated speech perception measurements with sentence tests. Experiment 1 follows the experimental design developed by Wilson et al. (2003) to measure content and procedural learning for speech in noise using the HINT (Nilsson et al. 1994) . Experiment 2 focuses on procedural learning in the HINT and the QuickSIN (Killion et al. 2004 ). Because individual sentences are not repeated in experiment 2, performance improvements cannot be attributed to content learning. Experiment 3 focuses on the effect of content learning on HINT and QuickSIN thresholds when sentence materials are repeated at an interval of 3 to 6 mos. Together, experiments 2 and 3 provide baseline measures of the magnitude of procedural and content learning for the HINT and QuickSIN tests in the absence of audiological rehabilitation.
EXPERIMENT 1
Experiment 1 was designed to investigate the large procedural learning effects previously reported by Wilson et al. (2003) . They found substantial improvements (6 to 9 dB) in the SRT in quiet for repeated measures with the Veterans Administration Sentence test (VAST) (Bell & Wilson 2001) . These improvements were concluded to reflect procedural learning because similar improvements were found for repeated and unique sentences. In experiment 1, we extend the investigation of procedural and content learning in sentence testing to SRTs measured in noise using the HINT. We hypothesized that the low presentation intensities required to measure SRTs in quiet provided an opportunity for procedural learning that would be absent at the higher intensities more typically experienced in everyday listening. When SRTs in quiet are obtained in a sound booth, acoustic noise produced by the listener (e.g., respiration, head and body movements, or any action causing the headphone cable to contact another surface) may become a significant source of acoustic masking. Because naive listeners have rarely experienced such quiet conditions in daily life, they will be unfamiliar with listening strategies that minimize selfgenerated noise, but may acquire this skill with continued listening experience. In addition to improved quiet-listening behavior, other factors could support procedural learning including increased familiarity with the talker's voice (e.g., pitch, timbre, speech rate, and idiosyncratic pronunciations) and the characteristics of the test material (e.g., sentence length, grammatical structure, type and variety of words, and properties of noise) as reported in previous studies (Theodoridis & Schoeny 1990; Greenspan et al. 1988; Nygaard & Pisoni 1998; Dubno et al. 2005) . Recently, Burns and Rajan (2008) demonstrated that the temporal spacing of test sessions affected procedural learning for speech perception in noise when no sentence material was repeated. Unlike learning to minimize self-generated noise, learning voice properties and test characteristics should support procedural learning both in quiet and in noise.
To facilitate direct comparison with the results of Wilson et al. (2003) , experiment 1 used a similar design, with SRTs measured in inexperienced listeners across five successive test sessions on different days. All five sessions included repeated sentence lists, and the first and last sessions each included unique sentence lists, presented only once. As in the study of Wilson et al. (2003) , this design permitted the measurement of performance improvements due to content learning of repeated sentences, as well as improvements due to procedural learning derived from performance comparisons on unique sentence lists presented in the first and last sessions. If this study revealed large performance improvements because of procedural learning, this would call into question the validity of the HINT as a tool for the longitudinal measurement of speech perception, and, by extension, would cast doubt on the validity of repeated measures using other sentence tests.
Materials and Methods Listeners
• Eight individuals with normal hearing (thresholds 250 to 4000 Hz in both ears Ͻ20 dB hearing level [HL] ; American National Standards Institute 2004) were recruited from the surrounding community. Thresholds were measured with a GSI 61 audiometer and matching TDH-50P headphones (Grason-Stadler, Eden Prairie, MN) in a single-wall sound booth in a quiet room. As in the study of Wilson et al. (2003) , listeners had no previous experience in perceptual experiments. The group included two men (L1 and L5) and six women, ranging in age from 21 to 51 yrs (mean 35.3Ϯ14.0). Informed consent was obtained from all listeners in accordance with the standards of the VA Institutional Review Board. Listeners were paid for their participation.
We determined that eight listeners would be more than adequate for experiment 1, based on the power estimates for the HINT (Nilsson et al. 1994 ) and the size of the effect in the study by Wilson et al. (2003) . Indeed, an effect of the magnitude reported by Wilson et al. would be highly significant in individual listeners as long as multiple independent HINT lists were used to obtain multiple independent HINT SRTs, as described in the following sections.
Stimuli
• The HINT sentences and corresponding speechspectrum noise were obtained in digital form from the House Ear Institute (Los Angeles, CA). As supplied, the intensity of each sentence has been preadjusted such that they are equally detectable in the matching noise. The noise intensity was the same as the average speech intensity and thus defines the nominal 0 dB signal to noise ratio (SNR). All SNR values reported here correspond to this standard HINT calibration system.
Sentence testing was done in a 2.44 ϫ 2.44 m single-walled, sound-attenuating testing room whose interior walls were covered by 2.5-cm acoustic foam; the ambient third-octave noise levels were Ͻ20 dB SPL from 250 to 4000 Hz. The intensity of the HINT noise at the position of the listener's head was 65 dB (A).
Stimuli were presented using a computer with off-the-shelf multimedia components, including a Creative Labs SB0240 sound card and a pair of Boston Acoustics satellite speakers (Model BA745) positioned approximately 60 cm in front and to the left and right of the listener's position. The same speech plus noise stimulus was delivered from both speakers, resulting in no spatial separation of speech and noise.
Procedures
• Each listener participated in five 1-hr sessions over a period of 5 to 13 days, with 1 to 6 days between sessions. A majority (59%) of test sessions were performed at 1-day intervals. The next most common interval (22%) was 3 days because of an intervening weekend, and the remaining 19% were divided equally between 2-day intervals and greater than 3-day intervals. The goal was to provide concentrated experience with the sentence test, and not to obtain any particular distribution of intersession intervals. The number of days between consecutive test sessions for each listener was as follows: L1, 1, 1, 1 and 3; L2, 6, 2, 4 and 1; L3, 5, 2, 3 and 1; L4, 3, 1, 1 and 1; L5, 3, 1, 1 and 1; L6, 3, 1, 1 and 1; L7, 1, 3, 3 and 1; L8, 1, 1, 2 and 1.
The HINT procedure was implemented using Presentation software (Neurobehavioral Systems, Albany, CA). During each 1-hr session, multiple HINT lists of 10 sentences each were used. A single SRT measure was obtained for each list according to the standard HINT adaptive procedure: (1) the SNR was initially set at 0 dB; (2) depending on the responses to each of the first three sentences, the SNR was decreased (correct) or increased (incorrect) by 4 dB; (3) from the fourth sentence on, the SNR was decreased (correct) or increased (incorrect) by 2 dB; and (4) the SNR of the fourth to tenth sentences was averaged to obtain the SRT for each list.
Each trial of the procedure included 4 sec of the HINT noise with the sentence beginning 1 sec after the onset of the noise. Because the duration of HINT sentences is 1.21 to 2.46 sec, there was at least 0.54 sec of noise alone after the end of the sentence. The particular noise was selected at random from a set of 30 noise samples, pre-cut from the longer, spectrally matching noise provided with the HINT. The listener repeated each sentence after it had been presented. A microphone mounted 60 cm directly in front of the listener at head height picked up the listener's responses. The experimenter listened to the amplified microphone output through headphones in an adjacent room and scored the response on the computer keyboard. Then, the next trial was presented at the appropriate SNR. There was a pause of 10 sec between consecutive lists. The listener could request a break at any time and was encouraged to take at least a brief break at the halfway point in each session.
The HINT has a total of 24 lists, which were divided into 12 repeated and 12 unique lists for each listener. The 12 repeated lists were used twice in each session, once in standard order and once in reversed order, for a total of 24 repeated lists per session. We chose not to randomize the order of sentences across list presentations because this randomization would have given listeners the opportunity to hear more different sentences at higher SNRs near the beginning of each adaptive run, and thus might have facilitated content learning. Of the 12 unique lists, six were presented in the middle of the first session and the other six were presented in the middle of the fifth session. Thus, on the first and fifth sessions, subjects were tested with 30 sentence lists, whereas on sessions 2 to 4 they were tested with 24 sentence lists. List selection and order were counterbalanced across listeners such that every list in both orders contributed equally to each unique and repeated data point when the data were averaged across listeners.
Data Analysis • Analysis of variance and Bonferroni-corrected post hoc pair-wise comparisons were performed with CLEAVE software (Herron, 2004) after pooling the daily measures within listeners. In evaluating learning effects in individual listeners, scores from individual sentence lists were not pooled and provided repeated measures.
Results
The mean effects for repeated and unique lists are shown in Figure 1 . For the repeated lists (first and second 12-list half-sessions combined), the average SRT improved regularly across sessions, from Ϫ2.79 dB SNR in the first session to Ϫ5.52 dB SNR in the fifth session (F [4, 28] ϭ 61.0, p Ͻ 0.001). In Bonferroni-corrected pair-wise tests, all differences between pairs of sessions were significant except those between sessions 3 to 4 and 4 to 5. Consecutive-session improvements tended to be larger for 1 to 2 (Ϫ0.75 dB) and 2 to 3 (Ϫ1.02 dB) than for 3 to 4 (Ϫ0.53 dB) and 4 to 5 (Ϫ0.43 dB). In further analysis, the average consecutive-session improvement (Ϫ0.68 dB) was highly significant (F [1, 7] ϭ 144.0, p Ͻ 0.001), but the difference among consecutive-session improvements was not (F [3, 21] ϭ 2.18, p ϭ 0.12).
SRTs also improved significantly within sessions, with the SRTs averaging Ϫ3.91 and Ϫ4.70 dB for the first and second half sessions, respectively (F [1, 7] ϭ 30.6, p ϭ 0.001). Improvement between the first and second half sessions tended to be greater in the first session than that in the later sessions (see Fig. 1 ), but the session by half interaction failed to reach significance (F [4, 28] ϭ 2.58, p ϭ 0.058).
As expected, the performance for repeated sentences (Ϫ2.79 dB) and unique sentences (Ϫ2.39 dB) was similar in the first session (F [1, 7] ϭ 1.84, p ϭ 0.22). Thus, the first session results and the repeated sentence results across sessions are in good agreement with those of Wilson et al. (2003) . However, in contrast to the results of Wilson et al. (2003) , there was no significant difference in SRTs measured with unique sentences presented in the first (Ϫ2.39 dB) and fifth (Ϫ2.68 dB) sessions (F [1, 7] Ͻ1.0). Not surprisingly, in the fifth session, SRTs for the unique sentences (Ϫ2.68 dB) were significantly poorer than those for the repeated sentences (Ϫ5.52 dB) (F [1, 7] ϭ 76.8, p Ͻ 0.001).
ANOVAs of individual listener data showed significant improvements for the repeated sentences across sessions in every listener (F [4, 44] ϭ 4.28 to 24.76, all p Ͻ 0.01). The primary difference among listeners was in the relative magnitudes of the improvement seen within and between sessions, as shown in Figure 2 . For example, listener 4 showed large within-session improvements, but his performance in the first half of the next session was always inferior to the second half of the previous session. In contrast, listener 5 showed minimal within-sessions improvement in sessions 2 to 5, while continuing to show improvement across sessions. Results for other listeners illustrate intermediate patterns of within-and between-session improvements.
Although there were only six unique sentence lists in sessions 1 and 5 for each listener, most individual listeners showed the same effects seen in the group analysis. Only two listeners showed significant changes for unique sentences between first and last sessions, and those changes were in opposite directions: listener 4 had a lower threshold in the first session (F [1, 10] ϭ 5.90, p ϭ 0.036) and listener 6 had a lower threshold in the last session (F [1, 10] ϭ 10.97, p ϭ 0.008). In addition, no individual listeners showed significant differences on unique and repeated sentences in session 1, and all but two listeners (1 and 6) showed significantly better performance on the repeated sentences than the unique sentences in session 5 (p Ͻ 0.05). Figure 3 illustrates the time course of SRT changes for consecutive lists during the five test sessions. The zero symbols represent the average listeners' initial SRTs on the 12 lists of sentences that were repeated throughout the experiment. Average SRTs for nine repeats of the sentence lists are plotted with the symbols 1 to 9. The unique lists are plotted with the symbol U. The curves plotted in Figure 3 were computed from exponential fits to two subsets of the data: (1) for "new" sentences, that is those never presented before (0 and U symbols) and (2) for repeats 1 to 8. The exponential fit for the SRT improvement across the new sentences was highly significant (F [1, 22] ϭ 14.04, p ϭ 0.001), but a linear fit to the same data did not reach significance (F [1, 22] ϭ 3.66, p ϭ 0.069). This result is consistent with those of Burns and Rajan (2008) for procedural learning in sentence tests of speech perception and extends their result beyond the limit of six SRT measurements per listener, imposed because only six sentence lists were available in Australian English. The SRT improvement measured for repeats 1 to 8 was also well fit by an exponential function (F [1, 106] One aspect of these data that seemed to merit additional analysis was the difference in half-session results within and between sessions. If content forgetting between sessions were an important factor then greater improvements should be seen within sessions. In contrast, if intervening sleep facilitated content learning, then greater improvements would be expected between sessions. Therefore, four within-and four betweensession performance changes were computed from the nine repeated-sentence SRTs for each listener for each sentence list. The repeated-measures analysis of variance of these performance changes showed that the within-session improvements exceeded between-session improvements (F [1, 3] ϭ 28.72, p ϭ 0.011). Indeed, in these data, there was virtually no betweensession change (ϩ0.051 dB SNR), whereas all the improvement occurred within sessions (Ϫ0.644 dB SNR). As suggested earlier (Fig. 2) , listeners also differed in the magnitudes of their within-and between-session improvements (F [7, 21] ϭ 3.05, p ϭ 0.022); significantly greater within-session improvements were found in two listeners, L1 (F [1, 3] ϭ 16.16, p ϭ 0.026) and L4 (F [1, 3] ϭ 231.4, p Ͻ 0.001); five listeners had nonsignificant, larger within-session improvements; and L5 had a larger between-session improvement that failed to reach significance (F [1, 3] ϭ 1.84, p ϭ 0.268).
Discussion
We found significant content learning on repeated HINT SRT measures across five test sessions, with minimal procedural learning beyond the first half-session. This suggests that repeated testing with the HINT can be used to evaluate long-term changes in speech perception, provided that specific test materials are not repeated. In contrast, when individual sentences were repeated, we found SRT improvements that continued throughout the five sessions.
Excluding the procedural learning that occurred primarily in the first half session, the average within-session contentlearning yielded a threshold improvement of Ϫ0.644 dB SNR, whereas the average between-session improvement was essentially zero (0.051 dB SNR). If the first presentation of each sentence in the session supported content learning as measured by the second presentation, then why did the second presentation not support further content learning to be measured by the first presentation of the of the next session? Two general factors might contribute to the preponderance of within-session improvements: (1) forgetting content information between sessions, and (2) limitations on the amount of content information that can be retained from a single session. Given the large number of sentences presented in each half session (120), the most likely possibility seems to be that the second presentation of the sentences supports about as much content learning as the first and that there is content forgetting between sessions. Then, the average amount of forgetting between sessions would have to be roughly equal to the average content learning from the second presentation.
One factor that might explain the inability of the second sentence presentation to contribute to content learning would be a limited tendency to transfer sentence content to long-term memory under this sort of incidental-learning conditions. The HINT includes simple sentences with no continuity from one sentence to the next, and listeners were not instructed to try to remember the sentences. By the second half of the session, listeners may be repeating the sentences with little overt awareness of sentence content. A similar pattern of interest in and awareness of sentence content might be expected to occur in each of the later sessions and thus account for the consistently greater content learning in the first half of each session.
Comparison With Wilson et al. (2003)
• Both this study and that by Wilson et al. (2003) showed consistent SRT improvements for repeated sentences across five experimental sessions. However, in the study by Wilson et al., the SRT improvement was the same for unique and repeated sentences, indicating no content learning and substantial procedural learning. In contrast, we found no evidence of procedural learning for unique sentences, but significant content learning for repeated sentences. Why did one study produce only procedural learning and the other the primarily content learning?
VAST and HINT Content Learning • Differences between VAST and HINT testing procedures can help explain the different pattern of results. Both tests adjust the intensity of the speech to track 50% correct recognition, but in different ways. Each VAST sentence includes three target words and the speech intensity is adjusted to track 50% correct for the target words in each sentence. In contrast, all the words in each HINT sentence are scored and the intensity is adjusted to track 50% correct report for entire sentences.
This different scoring method introduces differences in the availability of the semantic cues available in the two tests. HINT listeners correctly recognized all words in half of the sentences, providing a strong basis for contextual recall. In addition, they recognized many words in the incorrect sentences. In contrast, VAST listeners recognized only 50% of the target words, rarely enough to comprehend an entire sentence. Thus, there would be more effective semantic cues for content learning in the HINT than the VAST.
Although VAST content learning may be less effective, other factors may be needed to account for the surprising lack of content learning for the VAST. One possible factor is that any noise generated by the listener (e.g., breathing, swallowing, and moving) would be expected to occur independent of target word presentation, and thus the words identified in one presentation of a sentence might not be the same as those identified in another presentation of the same sentence. In the HINT, listener-generated noise should have less effect on SRTs, because it would be masked by the added speechspectrum noise. Furthermore, the added noise would be spectrally stable, so that the same words would likely be recognized in repeated presentations of the same sentence, even when some words were missed.
VAST and HINT Procedural Learning
• Differences in presentation procedures may also account for greater procedural learning in the VAST than the HINT. We found HINT procedural learning that followed an exponential function with minimal change beyond the first half session, whereas Wilson et al. (2003) found VAST procedural learning that followed a linear function throughout all five sessions. Because both tests used the same response procedure (spoken responses with real-time scoring of the verbal response by the experimenter), there should be no differential procedural learning with respect to the response mode. However, several other aspects of the procedures were different. We used binaural listening to sentences presented through speakers with spectrally matched noise at moderate intensities. Because these listening conditions are similar to those frequently experienced outside the laboratory, only limited procedural learning would be expected. In contrast, Wilson et al. used monaural listening to sentences presented through headphones in a quiet sound booth. Headphone listening for very soft sounds in quiet offers greater opportunities for procedural learning. Any change in behavior that reduces noise during sentence presentations may improve the SRT in quiet, including minimizing respiration noise, swallowing, and headphone cable movement. Insofar as listeners sequentially learned to minimize various types of self-generated noise, their thresholds might be expected to improve approximately linearly across test sessions.
Procedural and Content Learning in Another Study
• In a recent study of word recognition at high noise levels, Dubno et al. (2005) found a small improvement (ϳ3%) over nine presentations of the NU#6 words. Based on their data for percent word recognition versus SNR (Fig. 3 in Dubno et al. 2005) , their 3% improvement corresponds to about 1 dB in SNR. Because all 200 NU#6 words were presented on each repetition, this improvement represents the combined effect of procedural and content learning. The small magnitude of improvement relative to the procedural learning of Wilson et al. (2003) and our content learning suggests that NU#6 words in noise support much less procedural learning than VAST sentences in quiet and also less content learning than HINT sentences in noise. 
EXPERIMENT 2
The results of experiment 1 and Dubno et al. (2005) suggest that procedural learning effects are of small magnitude when SRTs are tested in speech-spectrum noise. The purpose of experiment 2 was to measure procedural learning in the absence of content learning, using repeated measures with the HINT and the QuickSIN (Killion et al. 2004 ) without sentence repetition. A typical study to evaluate hearing-aid or auditoryrehabilitation-training benefit (1) would require two or more repeated measures of speech perception in noise, (2) would not repeat the same sentence lists for one listener, and (3) would counterbalance the order of sentence lists across listeners. Under these conditions, group changes could not be attributed to content learning or to differences among sentence lists. However, procedural learning (for the voice, listening environment, type of sentence material, etc.) may still improve performance on repeated testing. It is critical to determine the magnitude of this procedural learning effect because it provides a statistical lower limit on the magnitude of performance improvements that can be accurately measured after audiological rehabilitation.
Materials and Methods
The methods for experiment 2 were the same as for experiment 1 except as described in the following sections. 
Listeners

Procedures
• Four HINT SRTs were measured for blocks of 20 sentences on each of the 3 days. The initial SNR of 8 dB was decreased (for correct reports) and increased (for incorrect reports) by 4 dB until the fourth sentence in which the size of the step was changed to 2 dB. The average of the SNRs for the last 16 sentences in each block determined the SRT for that block.
Six QuickSIN SRTs were measured on each of the 3 days according to the standard QuickSIN procedure, in which six sentences are presented in a four-talker babble at progressively lower SNRs. Each sentence has five keywords and the Quick-SIN SRT is based on the total number of keywords correctly reported. QuickSIN testing began on each day with one of the practice lists.
None of the HINT or QuickSIN sentences was repeated within or across days for any of the listeners. The HINT 20-sentence lists were divided into three sets of four lists each and the 18 QuickSIN lists were divided into three sets of six lists each. Set orders were counterbalanced across listeners.
Before the HINT and QuickSIN, listeners were tested with a consonant-vowel-consonant syllable test described elsewhere . Listeners took a break (5 to 10 min) between the syllable test and the QuickSIN, and a similar break between the QuickSIN and the HINT.
Results
The mean SRTs across test days for the HINT and Quick-SIN are shown in Figure 4A . The HINT SRT improved significantly over days, from Ϫ1.8 dB SNR (day 1) to Ϫ2.0 dB (day 2) to Ϫ2.2 dB (day 3) (F [2, 44] ϭ 4.3, p ϭ 0.02). Smaller improvements seen for the QuickSIN (0.07 to Ϫ0.02 to Ϫ0.07 dB SNR) failed to reach statistical significance (F [2, 44] Ͻ1.0). For both tests, the total change was quite small, 0.4 dB SNR for the HINT, and 0.14 dB SNR for the QuickSIN. For the HINT, Bonferroni-corrected pair-wise tests showed that day 3 was significantly better than day 1, but that day 2 was not significantly different from either day 1 or day 3. The 0.4 dB SNR change in the HINT SRT is in good agreement with the 0.3 dB SNR change observed in experiment 1 for the unique sentences.
Dividing the HINT and QuickSIN lists into three arbitrary list sets to be counterbalanced across test days, we did not anticipate finding significant differences among the list sets. However, Figure 4B illustrates significant differences that were found for the three QuickSIN list sets (F [2, 44] ϭ 8.7, p Ͻ 0.001, SRT range 0.74 dB SNR). The individual QuickSIN lists comprising the sets were set 1, lists 13, 14, 15, 16, 17, and 18 ; set 2, lists 1, 2, 3, 4, 5, and 6; and set 3, lists 7, 8, 9, 10, 11, and 12. Bonferroni-corrected pair-wise tests showed that set 3 was significantly better than set 1, but that set 2 was not significantly different from either set 1 or 3. In contrast, the mean SRT differences for the HINT list sets averaged 0.15 dB SNR and were not significant (F [2,44[rsqb] Ͻ1.0).
Discussion
The results of experiment 2 indicate that both the HINT and the QuickSIN provide sensitive measures of speech perception that show minimal threshold improvements when sentences are not repeated across testing sessions. The data from experiment 2 can be used to estimate the magnitude of improvement because of the audiological rehabilitation that could be reliably detected in individual listeners and groups with repeated HINT or QuickSIN testing. Based on the mean and standard deviation of the difference between day 1 and 2 SRTs for this group of listeners, we used a single-tailed confidence interval calculation to determine the likelihood of obtaining various improvements by chance. In an individual listener, an SRT improvement of 2 dB in the HINT, or 2.5 dB in the QuickSIN, would exceed 0.01 confidence limits. Similarly, in group studies with 16 listeners, mean SRT differences of 0.5 dB (HINT) and 0.6 dB (QuickSIN) should attain the 0.01 significance level.
EXPERIMENT 3
The results of experiments 1 and 2 indicate that small procedural learning effects occurred for the HINT even when no sentences are repeated. The purpose of experiment 3 was to measure the magnitude of incidental content learning when sentence lists were repeated 3 to 6 mos after the original presentation.
Methods
The methods for experiment 3 were the same as for experiment 2 except the below details.
Listeners
• Eleven older subjects (9 women, ages 60 to 79 yrs) with normal hearing (thresholds 250 to 4000 Hz in both ears no higher than 20 dB HL) underwent repeated HINT and QuickSIN testing. Three to six months earlier, they had been tested on three separate days within a 4-wk interval (mean interval ϭ 12 days), performing the syllable and sentence tests as described in experiment 2. The repeated HINT and Quick-SIN testing was done in a single session lasting approximately 1 hr. Otherwise, HINT and QuickSIN stimuli and procedures were identical to those in experiment 2.
Results
The original and the repeated HINT results are presented in Figure 5A as a function of the order in which the sentence-list sets were presented. The mean HINT SRT improved from Ϫ2.0 dB SNR for the original tests to Ϫ2.5 dB SNR for the repeated tests (F [1, 10] ϭ 17.1, p ϭ 0.002). There was no main effect of order (F [2, 20] ϭ 1.72, p ϭ 0.205) or an interaction of repetition and order (F [2, 20] Ͻ1.0). As in experiment 2, there was no difference across sentence sets for the HINT (F [2, 20] Ͻ1.0), but there was a difference across sentence sets for the QuickSIN (F [2, 20] ϭ 5.39, p ϭ 0.013) and set-corrected data were used in the following QuickSIN order analysis and the data shown in Figure 5B . Sentence repetition improved Quick-SIN thresholds (Fig. 5B ) from 0.15 to Ϫ0.21 dB (F [10, 1] ϭ 6.45, p ϭ 0.029). As for the HINT, the QuickSIN showed no main effect of order (F [2, 20] 
Discussion
The results of experiment 3 indicate that repeating HINT or QuickSIN sentence lists can improve measured thresholds by about 0.5 dB, even for repeated tests separated by 3 to 6 mos. There are minor differences between the HINT and the Quick-SIN in the potential contribution of procedural learning to these results. In the case of the HINT, we found clear evidence of procedural learning in the first session of experiments 1 and 2, as well as a trend in that direction in experiment 3. If procedural learning was not completed during the first three sessions of experiment 3, or if it was not all retained during the 3-to 6-mo interval, then additional procedural learning may have occurred during the presentation of the repeated HINT sentences. The extent to which procedural learning may have contributed to the performance difference between the initial test and the repeated HINT sentences cannot be determined from these data. However, there is anecdotal evidence that content learning played a role in the improvement on repeated HINT sentences because at least one of the listeners volunteered remembering some of the sentences from the earlier testing.
In contrast to the HINT, we found no evidence of significant procedural learning in either experiment 2 or 3 for the Quick-SIN, implying that procedural learning probably made little contribution to the improved performance on repeated Quick-SIN sentences. Thus, the preponderance of evidence indicates that content learning was the primary cause of the performance improvement on repeated sentences. However, independent of the precise mix of content and procedural learning that accounts for these changes, the most important aspect of these results is that incidental learning persisted over an interval of 3 to 6 mos.
There is no obvious methodological explanation for the small but statistically significant difference we found between the three sets of QuickSIN sentence lists in experiments 2 and 3. All of the QuickSIN lists that must be used in pairs to be equivalent to the other individual lists were included in set 1, implying that set 1 should have been equivalent to the other two sets. McArdle and Wilson (2006) provide some confirmation of this difference among the sets. They measured average SRTs for all 18 QuickSIN lists in 24 normal-hearing listeners, and average SRTs for sets 1, 2, and 3 from their data show similar, but smaller differences. Computed from their data, the set 1 SRT was 0.13 dB worse than set 2 which was 0.25 dB worse than set 3; in our data, these values were 0.36 and 0.38 dB, respectively. Of course, it is unlikely that such a small difference among sets of QuickSIN lists would be important in any clinical or research applications not involving large groups of listeners, but QuickSIN lists should be carefully counterbalanced across test conditions to prevent list differences from affecting group-average results.
GENERAL DISCUSSION
Our goal was to determine the differential effects and magnitudes of content and procedural learning for the commonly used HINT and QuickSIN sentence tests. In the present context, we have used the term procedural learning quite broadly, including the basis for all improvements in performance that are not related to content learning. Thus, procedural learning includes learning about the listening environment, properties of the noise, talker's voices, and articulation patterns, syntactic and semantic regularities in sentence material, and any other aspects of test methods the knowledge of which would facilitate test performance.
All perceptual experiments involve some procedural learning. Few participants come into the laboratory with extensive experience in discriminating the stimuli under study, especially under the particular experimental conditions. Even when the stimuli are common words in simple sentences, the voice, noise, and room acoustics are unfamiliar and the range of possible stimuli are not well defined for the listener. There may also be subtle differences among sentence tests. For example, HINT sentences are spoken with a broader range of expressiveness than QuickSIN sentences, and this greater variation in the HINT voice may account for the slightly greater procedural learning observed for the HINT.
Learning the Voice
Many studies of procedural learning for speech may reflect familiarization with the talker's voice. For example, Nygaard and Pisoni (1998) directly trained listeners to recognize voices in quiet (by associating them with common names). Next, they demonstrated that superior voice-recognition learning predicted superior novel word recognition in speech babble with significant informational masking. Knowing the voice may have helped the listener to attend more effectively to that voice in the presence of other voices, or the listener may have been able to understand the known voice with less-audible information. In either case, the results demonstrated that talker-specific learning can improve understanding of novel utterances. Greenspan et al. (1988) studied how listeners learned the "voice" of a computer text-to-speech synthesis system, chosen because it was particularly difficult to understand. They found improvements that varied with the particular training and test materials, with the largest improvement, Ͼ40%, in understanding sentences. Because none of the content of the test sessions was used in training, virtually all of the gain must be attributed to procedural learning of the characteristics of the computer voice. Strong content learning was also found for the training sessions where the same material was repeated. The ability to understand two different types of encoded speech, sine wave speech and noise or pure-tone vocoder speech, also benefits from experience with the stimuli. In sine wave speech (Remez et al. 1981) , the frequency tracks of the first three formants of the speech are presented as frequency modulated pure tones. Initially, naïve listeners fail to identify the stimulus as speech, but after some experience they have little difficulty in understanding the sine wave speech message. In vocoder speech (Shannon et al. 1995) , the speech is filtered into a small number of frequency bands, and amplitude envelopes of these bands are used to modulate corresponding noise bands (or pure tones) which are combined to constitute the vocoder signal. Again, the naïve listener has trouble, but experience facilitates accurate understanding of the vocoder speech. In both these cases, the stimulus bears little physical resemblance to natural speech, and the listener requires experience with the particular type of stimulus before the distorted speech can be easily understood.
A difficult computer voice, sine wave speech, and vocoder speech have one thing in common; they all represent unfamiliar listening conditions. Few listeners have experience with these conditions outside the laboratory. Thus, large procedural learning effects occur most frequently in unfamiliar listening conditions. We already suggested that listening to sentences presented monaurally through TDH headphones in extreme quiet is also unfamiliar for naïve listeners. Although it was the listening environment rather than the speech that was unusual, the situation provides ample possibilities for procedural learning to improve SRTs over time and produce the 6 to 9 dB improvement reported in Wilson et al. (2003) . Threshold improvements of similar magnitude have been reported in pure-tone backward-masking paradigms in listeners recruited for the lack of previous experience in psychoacoustic experiments (Amitay et al. 2006) .
Perceptual Learning, Memory Consolidation, and Sleep
In this study, experiment 1 showed both procedural and content learning. The first-session results of experiment 1 are similar to previous results for sentence perception in noise (Burns & Rajan 2008; Cainer et al. 2008) , where most procedural learning occurred within the first 3 to 4 lists of 15 sentences. We found no evidence for a decay of learning across sessions, consistent with an earlier study of fricative perceptual learning (Kraljic & Samuel 2005) .
Sleep seems to be essential for declarative memory consolidation (Ellenbogen et al. 2006) , but the precise role of sleep is not yet clear (Frank & Benington 2006) . A recent review (Samuel & Kraljic 2009 ) cites mixed evidence for the role sleep plays in the perceptual learning of speech. In one study, talker-specific perceptual learning for fricative consonants was maintained for 12 hr whether the listeners heard other talkers or were able to sleep during the interval (Eisner & McQueen 2005 . In a different paradigm, Roth et al. (2005) trained listeners to identify consonant-vowel syllables in noise and found no difference between memory consolidation during sleep and wakefulness.
In contrast, Fenn et al. (2003) found a memory-recovery effect of sleep for phoneme learning: performance decayed during waking and returned to the immediate postlearning level after sleep. The procedural learning component in experiment 1 may have followed a similar pattern, but no data were obtained between sessions to test that possibility. However, it is clear that a pattern of decay and recovery during sleep is not consistent with the incidental content learning seen in experiment 1. The first half session, postsleep performance, was merely equal to that measured during the previous second half session, which would not include learning acquired during that half session. If our listeners experienced memory recovery during sleep, the memory decay would have had to have wiped out the equivalent of all second half-session learning plus some first half-session learning. An intriguing, albeit unlikely, possibility is that sleep may have reduced the accuracy of the memory of HINT sentences as it has been shown to facilitate false over veridical memories (Payne et al. 2009 ).
Implications for Future Work
Together, experiments 1, 2, and 3 indicate that SRTs measured with the HINT and QuickSIN provide relatively stable measures of speech perception ability over time. Previous work in the development and evaluation of these sentence tests had already indicated their value (Nilsson et al. 1994; Hanks & Johnson, 1998; Killion et al. 2004; Walden & Walden 2004; McArdle et al. 2006; ) , but the massive procedural learning found for the VAST in quiet (Wilson et al. 2003 ) cast doubt on this conclusion. The experiments presented here were designed to resolve these contradictions.
The purpose of experiment 1 was to determine whether it was possible to reproduce the VAST in quiet result with the HINT in noise stimulus set. In experiment 1, we found no evidence that procedural learning improved performance after the first half session. At the same time, we found clear evidence of continuing improvement because of content learning of repeated sentences. Content learning was highly significant and continuing, whereas procedural learning was limited and brief.
The purpose of experiment 2 was to estimate the precision of SRT measurements in a larger sample when no sentence material was repeated. We also added the QuickSIN test to experiment 2, because it uses multitalker babble rather than speech-shaped noise such as the HINT. Again, the effects of procedural learning were minimal, although the 0.4 dB improvement for the HINT across the 3 days was statistically significant.
The purpose of experiment 3 was to estimate the effect of repeating sentence material that had been used once, 3 to 6 mos earlier. Given the limited number of different sentences available in any sentence test, such repetition would be valuable in improving experimental precision if it could be done without otherwise affecting results. We found significant threshold improvements for both the HINT (0.5 dB SNR) and the QuickSIN (0.4 dB SNR) for sentences repeated 3 to 6 mos after the original exposure.
Overall, these results support the use of the HINT and QuickSIN for the longitudinal evaluation of the efficacy of audiological rehabilitation interventions. At moderate noise levels, both the HINT and the QuickSIN should provide stable measures of speech perception over time, especially if test sentences are not repeated.
